The NF-κB (nuclear factor κB) regulator A20 antagonises IKK [IκB (inhibitor of κB) kinase] activation by modulating Lys 63 -linked polyubiquitination of cytokine-receptor-associated factors including TRAF2/6 (tumour-necrosis-factor-receptor-associated factor 2/6) and RIP1 (receptor-interacting protein 1). In the present paper we describe the crystal structure of the N-terminal OTU (ovarian tumour) deubiquitinase domain of A20, which differs from other deubiquitinases but shares the minimal catalytic core with otubain-2. Analysis of conserved surface regions allows prediction of ubiquitin-binding sites for the proximal and distal ubiquitin molecules. Structural and biochemical analysis suggests a novel architecture of the catalytic triad, which might be present in a subset of OTU domains including Cezanne and TRABID (TRAF-binding domain). Biochemical analysis shows a preference of the isolated A20 OTU domain for Lys 48 -linked tetraubiquitin in vitro suggesting that additional specificity factors might be required for the physiological function of A20 in cells.
INTRODUCTION
TNFα (tumour necrosis factor α) and cytokines such as interleukin-1 activate inflammatory signalling cascades leading to the stimulation of transcription factors such as NF-κB (nuclear factor κB) (reviewed in [1, 2] ). Among the TNFα-induced genes is A20 [3] , a negative regulator of NF-κB, which establishes a negative feedback loop to terminate the response (reviewed in [4, 5] ). Mice lacking A20 develop severe inflammation and are hyper-responsive to TNFα and lipopolysaccharide, owing to the failure to repress TNFα-induced NF-κB signalling [6, 7] . Elegant work by Wertz et al. [8] has elucidated the mechanism of A20 action through dual ubiquitin editing functions (reviewed in [5] ).
Ubiquitination has been established as a key signalling event at multiple levels of NF-κB activation (reviewed in [9] [10] [11] [12] ). Immediately in response to cytokine stimulation, polyubiquitin chains linked through Lys 63 are assembled on receptor-interacting proteins including RIP1, TRAF2 (TNFα receptor interacting protein-2), TRAF6 and NEMO (NF-κB essential modifier) [9] . Such Lys 63 -linked ubiquitin chains act as scaffolds for the TAK1 [TGFβ (transforming growth factor β)-activated kinase-1] and IKK [IκB (inhibitor of κB) kinase] protein kinase complexes, which incorporate subunits with specific ubiquitinbinding domains (NEMO in the IKK complex, and TAB2 or TAB3 in the TAK1 complex) [9] . Co-localization enables TAK1 autophosphorylation of its activation segment, and subsequently TAK1 phosphorylates and activates downstream kinases including IKKβ. IKKβ then phosphorylates the cytoplasmic IκB-NF-κB complex, which triggers Lys 48 -linked polyubiquitination and proteasomal degradation of IκB, releasing NF-κB to enter the nucleus and activate transcription of target genes (reviewed in [1, 2] ). A20 acts as a negative regulator by interfering with NF-κB signalling pathways at the level of TRAF and RIP1 ubiquitination by disassembling Lys 63 -linked polyubiquitin chains from TRAF2/6 and RIP1, and subsequently replacing them with Lys 48 -linked polyubiquitin [7, 8] . This dual action not only antagonizes downstream signalling, but also targets the substrates for proteasomal degradation [5] .
A20 is a 790 amino acid protein with an N-terminal OTU (ovarian tumour) domain (residues 1-370) and seven repeats of A20-like ZnF (zinc finger) domains [8] . The ZnF domains confer E3 ubiquitin ligase activity, and bind to UbcH5-family E2 ubiquitin-conjugating enzymes to generate Lys 48 -linked polyubiquitin chains [8, 13] . Recently, A20-like ZnF domains have also been shown to possess ubiquitin-binding capacity [13, 14] . In addition, the ZnF domains are involved in A20 oligomerization [15] , and protein-protein interactions with ABIN (A20-binding inhibitor of NF-κB) family members [5, 16] and TAX1 binding protein-1 [17] . The N-terminal OTU domain of A20 is a deubiquitinase [8, 18] . OTU domains share a cysteine protease catalytic triad common to other deubiquitinase families, and A20 has been shown to hydrolyse Lys 48 -, Lys 63 -and branched-ubiquitin chains in vitro and in vivo [18, 19] . Structurally, OTU domains belong to a relatively uncharacterized class of deubiquitinating enzymes. The structure of otubain-2, a OTU domain protein with 224 amino acids, has been reported, but sequence identity with A20 is low (15 % identical) (PDB accession number 1TFF [20] ).
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Model co-ordinates and structure factors have been deposited with the PDB under accession number 2VFJ.
Otubain-2 is structurally divergent from other cysteine-dependent deubiquitinases such as USP (ubiquitin-specific protease) or UCH (ubiquitin C-terminal hydrolase) domains [20] .
In the present study we have analysed the A20 OTU domain crystal structure, and provide biochemical insight into the catalytic mechanism and in vitro activity.
MATERIALS AND METHODS

Cloning
Full-length A20 was cloned from human cDNA, and shorter constructs were PCR-amplified using standard methods. The A20 OTU domain (residues 1-366; A20 1−366 ) was cloned into the pGEX6P1 vector [GE Healthcare; N-terminal GST (glutathione transferase)-tag with a PreScission cleavage site] using BamHI and NotI. The pOPIN-E (C-terminal His 6 tag) construct was prepared with the Infusion 2.0 system (Clontech). Mutagenesis was performed using the QuikChange ® site-directed mutagenesis kit (Stratagene). All constructs were verified by sequencing.
Protein purification and crystallization
GST-tagged A20 1−366 was expressed in Escherichia coli BL21 (DE3) cells, at 25
• C for 16 h after induction with 200 µM IPTG (isopropyl β-D-thiogalactoside) at a D 600 of 0.8. Cells from 2 litres of culture were lysed by sonication in 50 ml of lysis buffer [270 mM sucrose, 50 mM Tris (pH 8.0), 1 mM EDTA, 1 mM EGTA, 10 mM sodium β-glycerophosphate, 50 mM sodium fluoride, 10 mM 2-mercaptoethanol, 1 mM benzamidine, 0.1 mg/ml DNaseI and 1 mg/ml lysozyme], and cleared by centrifugation (20 000 g for 45 min at 4
• C). The cleared lysate was incubated with 6 ml of equilibrated glutathione S-sepharose 4B resin (GE Healthcare) for 1 h, and was subsequently washed with 50 ml of lysis buffer, 500 ml of buffer A [25 mM Tris (pH 8.5), 1 mM EDTA and 5 mM DTT (dithiothreitol)] plus 500 mM NaCl, and 500 ml of buffer A plus 200 mM NaCl. The GST-tag was cleaved on the resin with 200 µg of GST-tagged PreScission protease overnight. The cleaved A20 OTU domain was subjected to anion-exchange chromatography (HiTrap Q FF) where it eluted as a single peak in a NaCl gradient from 50 to 500 mM. The peak fractions were concentrated to 5 ml and subjected to gel filtration (Superdex 75) in buffer A plus 200 mM NaCl. The protein was concentrated to 13 mg/ml using a VivaSpin (10 kDa molecular mass cut-off) concentrator and was used in crystallization. For structure determination by anomalous phasing techniques, the protein was produced in the E. coli B834 strain and grown in minimal medium with SeMet (seleno-methionine) substituting for methionine, using standard protocols, and purified with increasing DTT concentration (10 mM) in all buffers. All protein purifications were performed at 4
• C. The A20 OTU domain structure was determined from crystals grown from 1.3 to 1.6 M magnesium sulfate and 0.1 M Mes (pH 6.5-6.9) after 7 days at 14
• C. For synchrotron data collection, crystals were soaked in mother liquor containing 15 % ethylene glycol, and were frozen in a nitrogen cryostream.
Data collection, phasing and refinement
Diffraction data on A20 OTU domain crystals were collected at the ESRF (European Synchrotron Radiation Facility), beamlines ID29 and ID14-2. A three wavelength MAD dataset was collected to 3.7 Å (1 Å = 0.1 nm) resolution from SeMet crystals and used for phasing. An initial set of sites was determined with the SHELX/hkl2map [21] suite, and site refinement was performed in SHARP [22] , resulting in phases to 3.7 Å (Table 1) . SHARP determined a solvent content of 62.8 %, resulting in a Matthews coefficient of 3.4 with four A20 molecules in the asymmetric unit. A native dataset to 3.20 Å resolution was collected, and the obtained phases were extended using DM [23] . The structure was built in Coot [24] and refinement was performed using PHENIX [25] , including four-fold NCS, simulated annealing and TLS Bfactor refinement. Final statistics can be found in Table 1 .
In vitro deubiquitination assays
Prior to assaying the deubiquitinase activity of A20, the protein was activated by incubation with 10 mM DTT at room temperature (22
• C) for 10 min. In vitro deubiquitination assays were performed with 1.5 µg of A20, 2.5 µg of Lys 63 -or Lys 48 -linked tetraubiquitin chains as substrate, in 30 µl of DUB buffer [50 mM Tris (pH 7.6) and 5 mM DTT] at 37
• C. At the time points indicated 5 µl aliquots of the reaction mixture were removed and the reaction was stopped by the addition of 5 µl of 2× SDS sample buffer. Samples were subjected to SDS/PAGE analysis with subsequent silver staining using the BioRad Silver Stain Plus Kit according to the manufacturer's protocol.
RESULTS AND DISCUSSION
Structure determination
To investigate structural aspects of A20-mediated deubiquitination, the OTU domain (residues 1-366) was cloned from human cDNA, expressed as a GST-fusion protein in bacteria and purified to homogeneity (see the Material and methods section). The protein crystallized readily in various conditions from commercial screens, but unfortunately, the predominant trigonal crystal form was perfectly twinned, and such crystals were of no use for experimental phasing techniques. A second crystal form could be obtained in a non-twinned monoclinic setting and the structure was determined using the anomalous signal from incorporated SeMet. Phases were obtained to 3.7 Å resolution and extended to 3.2 Å data (obtained from a native crystal, see the Material and methods section). The structure was built and refined with final statistics shown in Table 1 .
Overall structure
The structure of the A20 OTU domain is wedge-shaped, with two almost flat large surfaces and a helical stalk projecting from one side of the molecule ( Figure 1A ). The core domain resembles the deubiquitinase otubain-2 ( Figure 1B , [20] ), which is the only protein in the PDB with similarities to A20 [Z-score 6.5, RMSD (root mean square deviation) 2.9 Å over 129 aligned residues] as determined using a DALI search [26] .
This catalytic core present in A20 consists of a five-stranded β-sheet (β1-β5), sandwiched between helix α3 on one side and two parallel helices (α4 and α8) packing against the other side. Four more helices (α1, α5, α6 and α7) form a second, perpendicular half-circle around α4 and α8. These regions (coloured blue in Figure 1 ) are also present in otubain-2, with several differences ( Figure 1B , [20] ). Otubain-2 has a four-stranded β-sheet (β3 in A20 has no counterpart) and α1 and α2 in otubain-2 are located similarly to α3 of A20 but pack against the β-sheet differently. Helices α3 and α10 in otubain-2 are structurally equivalent to α4 and α8 in A20. An insertion between helices α3 and α7 in otubain-2 (comprising α4, α5 and α6) is not present in A20, but is structurally mimicked by the A20 α1-helix (cyan in Figure 1 ). The helical insertion in otubain-2 is also present in otubain-1 and otubain-like proteins, but missing in the remaining annotated OTU domains in ProSite (profile PS50802 [27] ). Helix α5 of A20 is considerably shorter than its counterpart in otubain-2 (α7), whereas α6 and α7 in A20 (α8 and α9 in otubain-2) are extended, and are connected by a flexible loop of ten residues that is disordered in the crystal structure (indicated by grey dotted lines in Figures 1A and 2A) . A second loop between β2 and β3 is disordered in both A20 and otubain-2; these disordered regions are likely to be involved in ubiquitin binding (see below). Two structural features of A20 are not present in the structure of otubain-2. First, a helical stalk region extends the OTU core (in shades of yellow in Figure 1A ). This stalk is formed by packing of helices α2 and α11. A third region contributing to the stalk is the very N-terminus (residues 1-10), which is partly disordered in the crystal structure (the first residue visible is Pro 7 ). The core between those three regions is of a hydrophobic nature, and termination of the protein at residue 353 (lacking the last two visible turns of the C-terminal α11 helix) results in insoluble protein (results not shown).
The second region only present in A20 is formed by 70 residues (264-337) connecting β-strand β5 with the C-terminal helix α11 (coloured purple in Figure 1A ). These residues form two layers of β-hairpin loops connected by helices α9/α10. The top hairpin loop (as in Figure 1A) is shorter, and supported by the lower hairpin loop (β7/β8). In an unusual extended fashion, a gap of 50 Å is bridged from the tip of the lower hairpin loop (residue 320) to the beginning of the C-terminal α11 helix (residue 337), spanning the whole surface of the molecule. Although this region is highly conserved (Figures 2A and 2C ) the biological significance of this extension is not clear at present.
The A20 OTU domain contains conserved surfaces for proximal and distal ubiquitin-binding sites
The structural features of A20 were analysed for conserved surface residues to investigate potential ubiquitin-binding sites. A sequence alignment with the A20 OTU domain from different species was generated ( Figure 2A ) and mapped on to the surface of the protein (Figures 2B and 2C ). A20 shows strongly conserved features around the catalytic site, and in regions that can be assumed to comprise the binding sites for the proximal and distal ubiquitin ( Figure 2B ). The position of the oxyanion hole relative to the catalytic cysteine residue, and superposition with known deubiquitinase-ubiquitin complexes (see Figure 3 and below) on to A20 allows prediction of the position of the distal ubiquitin. In A20, two loops (residues 152-160 and 212-228) in this distal binding site are disordered despite high sequence conservation, and hence surface analysis in this region is not meaningful. Interestingly, conservation analysis also provides insights into the proximal ubiquitin-binding site. The invariant residues Leu 10 , Asn 98 , Asp 100 , Thr 118 and Gln 187 are positioned to contact a proximal ubiquitin. However, to understand all features of the A20 OTU domain interactions with ubiquitin, protein complexes will be required.
Further examination of conserved residues surprisingly showed that the surface opposite of the active site is also highly conserved ( Figure 2C ). This surface is mainly formed by the linker region between β8 and α11 (residues 330-340) and loop 263-271, which contribute numerous invariant residues (Glu 332 , Asn 334 , Arg 271 , Lys 264 and Ser 266 ) to this surface. This surface region of the molecule is unlikely to contribute to ubiquitin binding, but might be involved in other protein-protein interactions, or in interactions with the C-terminal ZnF domains. Overall, several conserved surface patches in A20 can be derived from this analysis, and it will be interesting to see how and whether these contribute to A20 function.
Catalytic site environment
Cysteine proteases share a mechanistically common active site, which contains a catalytic triad consisting of the catalytic cysteine residue (Cys 103 in A20), a histidine residue to abstract the cysteine proton and stabilize the nucleophile (His 256 in A20), and a residue to stabilize the histidine residue (often negatively charged, potentially Asp 70 in A20) ( Figure 3A) . A second feature is an oxyanion hole close to the catalytic cysteine residue to stabilize the reaction intermediate. These features are conserved in cysteine-dependent deubiquitinases of the USP, UCH and OTU families [28, 29] . Although these three protein families have entirely different folds, structure superposition aligns the active site remarkably well (Figure 3 ). For the USP and UCH families, complex structures with ubiquitin suicide substrates are available {HAUSP (herpes-associated USP)-ubiquitin complex, PDB accession number 1NBF, [30] , Figure 3C ; UCH-L1-ubiquitin complex, PDB accession number 1XD3, [31] , Figure 3D} , illuminating the position of the C-terminal residues of a distal ubiquitin at the catalytic site, and indicating the overall position of the ubiquitin molecule. In USP and UCH families, a glutamine or asparagine residue N-terminal of the catalytic cysteine residue forms the oxyanion hole.
As mentioned above, A20 and otubain-2 display several differences in structure, but share a conserved core domain harbouring the catalytic residues, which varies from the UCH/USP architecture (Figure 3) . Although the catalytic cysteine and histidine residues are structurally conserved, the third residue in the catalytic triad is different. In otubain-2, two residues (Asn 226 and Thr 45 ) stabilize the His 224 residue ( Figure 3B ). The loop preceding the catalytic Cys 51 in otubain-2 is structurally in a different position from any other deubiquitinase, allowing Thr 45 to maintain hydrogen bonds to His 224 via side chain and backbone atoms. Strikingly, this different loop also changes the oxyanion hole architecture, which is formed entirely by backbone amide groups from this loop [20] . A20 displays the same catalytic loop organization as otubain-2, and the catalytic residues Cys 103 and His 256 are structurally conserved, as is the oxyanion loop ( Figures 3A and 3B) . However, stabilization of His 256 for catalysis seems to be different in A20 compared with otubain-2. In A20, similar backbone interactions with Thr 97 are formed, however this residue is not conserved throughout species (Figure 2A ) and hence the sidechain interaction might not be required for stabilization. Furthermore, there is no Asn 226 equivalent residue in A20; the residue in this position (Val 258 ) is unable to stabilize the catalytic His 256 . Instead, a negatively charged residue, Asp 70 , is located in close proximity to His 256 . This residue does not form other electrostatic contacts, and although its distance from His 256 is too far for a hydrogen bond (4.4 Å), minor rearrangement would suffice to allow this interaction. Furthermore, this residue is fully conserved (Figure 2A ). Asp 70 is located on helix α3 that has no structural equivalent in otubain-2.
In the annotated OTU domains in Prosite (profile PS50802 (the remaining two proteins are bacterial and viral OTU domains containing proteins with poor sequence similarity). These proteins are Cezanne-1 and 2, TRABID (TRAF-binding domain)/ ZRANB1 and VCIP135 [VCP(p97)/p47 complex-interacting protein of 135 kDa]. Cezanne and TRABID are known interactors of TRAF proteins and may function similarly to A20 [32] , whereas VCIP135 interacts with the ubiquitin-dependent chaperone VCP/p97/cdc48 and plays roles in Golgi formation after mitosis [33] . It is hence a possibility that the catalytic triad found in A20 is also present in Cezanne, TRABID and VCIP135.
In vitro deubiquitination activity
The A20 OTU domain possesses catalytic activity as a deubiquitinating enzyme, as it specifically cleaves isopeptide bonds formed between the C-terminal Gly 76 carboxy group of ubiquitin and the N amino group of a substrate lysine residue. Isopeptide bonds link ubiquitin monomers, and as the seven different lysine residues on ubiquitin are located spatially in different positions, ubiquitin chain structures differ radically depending on the ubiquitin lysine employed for chain formation. We tested the ability of the isolated A20 OTU domain to hydrolyse Lys 63 -and Lys 48 -linked tetraubiquitin chains in vitro. Interestingly, we found that the purified A20 OTU domain was able to hydrolyse Lys 48 -linked ubiquitin tetramers with higher activity compared with Lys 63 -linked tetraubiquitin ( Figure 4A ).
The A20 OTU domain structure revealed the identity of the catalytic triad residues, indicating that Asp 70 might serve in positioning and charging of the histidine residue in the catalytic triad. Using site-directed mutagenesis, the catalytic triad residues were mutated individually to alanine in residues 1-366 of A20 (A20 1−366 ), and the ability of the mutants to cleave Lys 48 -linked tetraubiquitin was tested, and compared with wild-type A20 1−366 . While A20 C103A and A20 H256A were devoid of catalytic activity against Lys 48 -linked tetraubiquitin, reduced activity was observed for A20 D70A ( Figure 4B ). Residual activity of A20 D70A is not surprising as the backbone interaction of His 256 with Thr 97 may also contribute to stabilizing the imidazolium ion.
A20 contains seven A20 ZnF domains within its C-terminus, and recent work indicates that these domains have the ability to bind ubiquitin [13, 14] , and might therefore serve as ubiquitin chain receptors and contribute to A20 specificity. We therefore tested whether longer versions of A20, including the first (A20 1−413 ), the first two (A20 specificity. This suggests the requirement for additional specificity determinants. One possible mechanism could be that A20 utilizes interacting proteins as 'specificity factors'. ABIN family proteins contain a NEMO-like ubiquitin-binding domain and bind to Lys 63 -linked ubiquitin chains (results not shown). ABINs interact with the C-terminal ZnF domains of A20 and might serve to co-localize A20 with Lys 63 -modified substrates. Further structural studies of full length A20 and complexes with interacting proteins as well as ubiquitin chains will be required to shed light on the specificity determinants of A20.
Conclusions
In the present study we provide insights into the structure and catalytic mechanism of the deubiquitinase A20. This second structure of an OTU domain highlights the variability of the cysteine-protease fold. A20 lacks the three helices only present in otubain family members, and features a characteristic C-terminal extension with two β-hairpin loops and a C-terminal α-helix. Further OTU domain structures will be required to understand the contribution of such regions to the OTU domain fold. A second interesting insight is the identification of Asp 70 as an imidazolium ion stabilizing residue in A20, which might define a subset of OTU domains which have similar catalytic architecture. It will be important to obtain an (A20) OTU domain structure in complex with ubiquitin. Active site rearrangements, common in deubiquitinases upon substrate binding, are also to be expected for A20; especially movement of helix α3, which would be necessary to bring Asp 70 closer to His 256 , and several disordered loops might become structured in the presence of ubiquitin. Finally, our biochemical data reveal an in vitro preference of the A20 OTU domain for Lys 48 -linked polyubiquitin. This activity would directly antagonize a ligase activity conferred by the A20 C-terminus; hence modulation of the deubiquitinase activity towards Lys 63 -modified substrates in vivo seems necessary. Further characterization of A20 interactions and regulation is likely to provide important insights into the cellular role of A20 and the signalling pathways leading to NF-κB activation. 
